). An excellent review has been given by Merideth and Titus (16) . However, it has not been demonstrated whether preferential conduction also occurs in the internodal tracts during rhythms originating outside the sinus node, nor whether the specialized fiber systems indeed contribute to fast conduction of excitation along these pathways. In fact, evidence has been found that relatively fast conduction occurs along thick bundles of atria1 myocardium, including the crista terminalis, without the participation of specialized fibers (10, 18). In order to determine whether specialized paths do function as such in the intact atria of the dog, we carefully analyzed excitation at the epicardial and endocardial surfaces of the right atrium and adjacent parts of the left atrium, during sinus rhythm and during activation provoked by stimulation at various points of the right atrium, utilizing extracellular recording techniques. Work was done on the Langendorff-perfused dog heart in which the access to both epicardial and endocardial surfaces of the right atrium was possible. A control series was performed in situ and during perfusion. In a third series of experiments conduction velocity in the crista terminalis and the atria1 muscle was determined during driven rhythms.
METHODS
For the activation study, 19 mongrel dogs weighing between 20 and 25 kg were anesthe'ized with 30 mg/kg Nembutal sodium iv; depth of anesthesia was maintained by additional doses as needed. The animal was respirated artificially and the chest was opened by means of a midsternal approach; the pericardium was opened and a pericardial cradle was constructed.
The animal was given 75 mg heparin iv. The heart was then removed from the animal and perfused according to the Langendorff technique, using a modified In three control experiments, measurements were taken in situ and also during perfusion.
Since the shape of the atria changed on perfusion relative to the shape in situ, because the atria were not any longer filled with blood, additional marking of the epicardial surface was necessary to provide reference points for accurate localization of the recording electrode; this was effected by means of little knots of no. 5-O atraumatic nylon through the epicardium, with minimal damage to the mvocardium. Stimulation electrodes were inserted at both the S-A nodal region and near the coronary sinus, and stimulation was applied at the same points in situ and during perfusion. In one experiment of this series, conduction velocity on the epicardial surface was determined. Because of the difficulty in exactly measuring distances between electrode sites on the curved surfaces of the actively beating atria, we did not further complicate these experiments with precise determination of conduction velocity. In six separate experiments, we made an attempt to carefully determine conduction velocity on the epicardial surface along the crista terminalis, the superior vena cava, and parallel to and at various angles to the direction of the muscle bundles of the atria1 roof. Two different methods were used: in the first three experiments a hand-held electrode 12 mm in length, containing 10 silver electrode points (diameter 0.2 mm) in a straight line, was used. This electrode was carefully placed on the atrium and kept in position with avoidance of undue movement. A series of unipolar cathodal stimuli of just threshold intensity was applied alternately at each end terminal and activation times at the other electrodes were determined. Because of the distortion by the stimulus artifact, complexes from the electrodes close to the point of stimulation had to be discarded.
In the remaining three experiments, four to six ring electrodes (diameter 2 mm) were sewed onto the epicardial surface in strategic positions (Fig. 2) S-A node, activation spreads in a similar way during perfusion as compared with in situ. Also, during stimulation slightly posterior to the coronary sinus, the overall agreement between the activation sequence before and during perfusion is good (Fig. 4, A and B) . In addition, opening of the atria1 roof did not appreciably change the activation along the crista terminalis.
B) S'ontaneous and Driven Sinus Rhythm
Site of functioning pacemaker. In most experiments, in situ as well as during perfusion, the pacemaker was localized high on the sulcus terminalis, either at the head of the sinus node or else within 10 mm of it (Fig. 3) The time differences generally do not exceed 2 msec; there is no indication for a faster conduction along either surface. Also, at both the left and right sides of the interatrial septum, activation is synchronous.
During stimulation at the S-A nodal region, endocardial excitation generally is similar to that with a pacemaker high on the crista terminalis; earliest excitation sometimes occurs at the basis of the anterior part of the crista terminalis, probably by way of intramural conduction (Fig. 84) . In one experiment, the pacemaker at the S-A node was situated at the endocardial surface.
C) Activation Following Stimulation Outside Sinoauricular #ode
Preferential conduction along the sulcus terminalis is demonstrated well when stimulation is delivered at the (Fig. 5C ) as during stimulation at the S-A node (Fig. 8C ). On the endocardial surface of the right atrium, activation spreads from the sinus node region along three pathways: 1) it spreads by way of the anterior limb of the crista "/ svc \ terminalis to the upper part of the interatrial septum (Figs. 5A and 6A ). This direction corresponds to the epicardial activation along the anterior surface of the right atrium (Fig. SC) . Activation sometimes slows down at the junction of the thick muscle bundle of the anterior limb of the crista terminalis with the interatrial septum (Fig. 5A) . 2) It spreads along the posterior limb of the crista terminalis descending in front of the orifice of the vena cava inferior to the area posteroinferior of the coronary sinus (Figs. 5A and 6A); and 3) it branches from the middle part of the crista terminalis and descending along the upper limb of the fossa ovalis (Fig. 6A) junction of the right atrium and the right auricular appendage at a point 17 mm from the head of the sinus node (Fig. 9) . At the epicardial surface, activation spreads radially until the sulcus terminalis is reached, whereupon activation is 3~75 % faster along the sulcus than along the rest of the atria1 roof. Atria1 activation during stimulation at various points near the coronary sinus demonstrates a preference for conduction along the same structures as during spontaneous or stimulated sinus rhythm, depending on the site of stimulation.
Thus, stimulation just anterior to the coronary sinus (Fig. 10, A-D ) results in retrograde atria1 excitation primarily along the upper ridge of the foramen ovale, surfacing in the middle of the sulcus terminalis; a second wave front passes anteriorly around the inferior vena cava and epicardial breakthrough at the anterior surface occurs at about the junction of both atria whereupon there is a slight preference of further conduction along Bachmann's bundle. In this experiment, conduction during the first 20 msec was intramural, possibly because of a relatively deep penetration of the stimulating electrode. Stimulation between the upper border of the coronary sinus and the lower limb of the fossa ovalis (Fig. 11, A-D) results in a relatively fast conduction along the interatrial septum into the anterior part of the crista terminalis. The first epicardial breakthrough occurs at the anterior atria1 junction, which, due to the anatomical situation, is the epicardial region that is nearest to the point of stimulation. Again, in some experiments, an activation delay occurs at the junction of the anterior part of the crista terminalis with the interatrial septum; in these experimentsconduction along the upper limb of the fossa ovalis is the first to reach the epicardial surface. With stimulation more posterior, at the lower edge of the foramen ovale, in the same experiment as in Fig. 11 (Fig. 12, A-D) , activation along the lower border of the vena cava inferior into the crista terminalis is earlier than along the other two pathways.
As a result, the earliest epicardial activation occurs near the inferior vena cava, while excitation at the aortic surface is somewhat later than with stimulation at the more anterior site; the main direction of the resulting right atria1 excitation is reversed as compared to sinus rhythm. Attempts to obtain "pure" retrograde atria1 activation by 
DISCUSSION
These experiments demonstrate the presence of pathways in the canine right atrium that conduct the activation faster than the rest of the atria1 musculature.
Preferential conduction along these paths occurs as well when the pacemaker is located at the site of the sinoauricular node, as when stimulation is applied to other areas of the right atrium, e.g., near the coronary sinus or at the auricular. appendage.
These pathways of preferential conduction mainly correspond to the internodal tracts known from anatomical studies, described in detail for the human heart by James (11) and by Merideth and Titus (16) . Some degree of variability between individual hearts appears to exist.
The crista terminalis emerges from these studies as the most constant path along which activation starting in or near the sinus node reaches the A-V nodal region. This pathway corresponds to the posterior internodal tract. In the inferior part of this tract, conduction to and from the coronary sinus region passes along the atria1 wall anteriorly to the orifice of the coronary sinus in our experiments. This is in agreement with the description given by Merideth and Titus (16) and varies from the findings of James (1 1), who locates the terminal part of the posterior internodal tract posteriorly to the coronary sinus at the lower limb of the fossa ovalis. In our experiments, this area did not function as a significant conduction path, although during stimulation near the coronary sinus sometimes epicardial activation indicated conduction along this path (Fig. 11) . In some experiments, conduction in either direction along the anterior internodal tract is interrupted at the junction between the anterior part of the crista terminalis and the atria1 septum just above the tricuspid orifice (Fig. 5) . A third preferential path is present along the upper limb of the fossa ovalis, connecting the middle part of the crista terminalis with the A-V nodal region. This path does not exactly correspond to the middle internodal tract as described by James, which is situated more anteriorly, between the posterior wall of the superior vena cava and the A-V node. However, a more or less preferential conduction along this line occurred in some of our experiments during stimulation near the coronary sinus (Fig.-12) .
The contribution of each of these preferentia.1 pathways to right atria1 excitation depends on the site of origin of the activation wave, as well during spontaneous rhythm with the functioning pacemaker either in the S-A nodal region or displaced downwards along the crista terminalis as during stimulation at other sites. Possibly, the differences between the preferential pathways that are demonstrated by our experiment and the tracts identified by James are partly due to a species difference between man and dog. Also, the methodological differences between the electrophysiological recordings and the histological studies, on which the description of the internodal tracts is based, may contribute. (17), who have shown that the P wave is not consistently inverted during stimulation at the coronary sinus. The early epicardial breakthrough occurring at the anterior surface of the atria at the junction of both atria during stimulation near the coronary sinus may partially be due to rapid retrograde conduction along the anterior internodal tract for a short distance after which epicardial spread is more or less radial, indicating myocardial conduction.
A similar activation pattern was seen during retrograde atria1 excitation in an isolated human heart in this laboratory (7) and also in a case of atria1 flutter in a human heart exposed during surgery (unpublished observations) .
The observation that excitation is conducted along the upper and lower limbs of the fossa ovalis, but not across them, suggests the presence of a barrier for conduction along the line of closure of the oval window during postnatal life. This is probably similar to the failure of conduction at the junction of atria1 and ventricular myocardium reported from our laboratory (27), when an attempt was made to create an accessory A-V conduction path by grafting an everted strip of atria1 myocardium into the right ventricle.
Apparently, in both cases no myocardial continuity comes into existence. The present results show that the conduction velocity in atria1 muscle is higher in a direction parallel to their fiber orientation than at an angle to it. This is in agreement with the findings of Biiller (personal communication) who demonstrated nonisotropism in ventricular myocardium. The IO-polar electrode yielded the most detailed information on activation over relatively short distances (4-12 mm); the variability of the results probably is inherent in the technique used and to the anatomy of the right atrium. Although the electrode points are arranged in a straight line, the sequence of activation times often is not consistent with a regular spread of the excitation along the electrode, even when it is carefully positioned parallel to the muscle fibers. Relatively short conduction times are noted between pairs of electrodes;
these are compatible with a direction of propagation that is locally tangential to the length of the electrode. Also, although stimuli were carefully adjusted to just above threshold intensity, in order to restrict the site of origin to the close proximity of the stimulating electrode, latency varies greatly in the records from various locations.
These irregularitiesin latency and in conduction suggest that even in the relatively small distance of 12 mm covered by the electrode, the pathway of conduction in the structures studied is not rectilinear but tortuous. The anatomy of the right atrium probably contributes greatly to this variability of the results. The free wall of the right atrium is formed by a rather thin layer of muscle; the endocardial surface contains an interlacing network of muscle bundles (Fig. 13) . in an increase in their conduction velocity.
The investigation of propagation of excitation in the right atrium is made difficult by the topologically complicated anatomy.
For an exhaustive and accurate study it is necessary to have access to all areas of the outer and inner surfaces. This is possible only in perfused hearts, where no anatomical obstacles prevent the positioning of electrodes and in which the atria do function as a whole. Control of the environmental conditions is extremely important since changes in temperature have a profound effect on pacemaker and normal atria1 cells (14, 22) and drying of the surfaces must also be avoided (24). A clear plastic tent covering the heart and a shower of warm perfusing solution served in our experiments to control these conditions. It is equally important to prevent damage to the atria1 muscle, to as great a degree as possible, and stretching, particularly of nodal tissue, since this can greatly effect pacemaker cells (4, 12). Therefore, handling of the atrium was gentle and no excessive pressure was exerted during recordings. Because it was necessary to open the atrium, some ischemic effects were inevitable (2); h owever, only the intermediate right atria1 artery was interfered with (8). This undoubtedly caused some damage to the broad posterior wall of the atrium, but few recordings were taken in this region after the opening of the atrium. The crista terminalis is supplied by the cristal branch of the posterior right atria1 artery; the S-A node is relatively immune to ischemic injury due to its extensive anastomotic blood supply (15). Also, after the conversion from an in situ experimental situation to the perfusion of an isolated heart, the atria, which are highly innervated, are devoid of various humoral and nervous regularing mechanism. For example, the vagus nerve has a differential effect on pacemaker cells and normal atria1 muscle cells, and even has a differential effect on the right atrium (1) . Severing the vagus nerve causes a loss of regulation of both pacemakers, and normal anatomical arrangement of S-A node is such that the body and tail of the node stretch almost to the inferior vena cava (13). As our control experiments demonstrate, the effects of isolation and perfusion generally were slight; at present we have no adequate explanation for the moderate increase in conduction velocity during perfusion.
A variable increase of conduction velocity during perfusion as comparable to in situ has been reported from our laboratory for the ventricular and atria1 myocardium (7). Effect of ischemia and hypoxia on the specialized conducting system of the canine heart. Am. Heart J. 61: 206-2 18, 196 1
